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MEASURING SYSTEM 
i 
By David B. Hakewessell 
A s o f t  X-ray absorption-mode gas densi ty  measuring s y s t e m  
has been developed which operates  on the  p r inc ip l e  that the  
quant i ty  of s o f t  X-rays absorbed i n  a gas i s  a funct ion of t he  
gas  densi ty .  System operat ing parameters have been se lec ted  
which provide a measurement accuracy of  *5% of densi ty  over  a 
range of 0.01 atmosphere t o  1 .0  atmosphere, with measurement 
pa th  lengths  of 2.5 t o  61 cm. A prototype s y s t e m  has  been 
assembled, ca l ibra ted ,  and t e s t ed  and i s  ready f o r  i n s t a l l a t i o n  
i n  gas-flow f a c i l i t i e s  needing t h i s  measurement capab i l i t y .  
ii 
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DESIGN OF A SOFT X-RAY 
ABSORPTION-MODE GAS DENSITY 
MEASURING SYSTEM 
By David B. Hakewessell 
SUMMARY 
A s o f t  X-ray absorption-mode gas densi ty  measuring s y s t e m  
has  been designed, fabr icated,  and t e s t ed .  The system operates  
on the  p r i n c i p l e  t h a t  the  quant i ty  of s o f t  X-rays absorbed i n  a 
gas  i s  a funct ion of the  gas densi ty .  Sys tem test r e s u l t s  are 
i n  agreement with theo r i e s  r e l a t i n g  absorpt ion c h a r a c t e r i s t i c s  
t o  gas densi ty .  Using these re la t ionships ,  s y s t e m  operat ing 
parameters have been selected which provide a measurement ac- 
curacy of *5% of densi ty  over a range of 0.01 atmosphere t o  
1.0 atmosphere with measurement path lengths  of 2 . 5  t o  61 cm. 
Hardware has been assembled, ca l ibra ted ,  and t e s t e d  which 
m e e t s  all of the s t a t e d  requirements and i s  ready f o r  i n s t a l l -  
a t i o n  i n  tes t  f a c i l i t i e s  needing t h i s  measurement capab i l i t y .  
INTRODUCTION 
The s o f t  X-ray absorption-mode densi ty  measuring s y s t e m  
was designed t o  provide a means f o r  determining a i r  d e n s i t i e s  
of a flowing stream. 
tha t  does not d i s t u r b  the  gas flow p rope r t i e s .  The s y s t e m  i s  
capable of measuring the average gas  densi ty  over a wide range 
of measurement pa th  lengths .  
The measurements a r e  made using a technique 
The purpose of the  work reported i n  t h i s  document i s  t o  
design, f ab r i ca t e ,  t e s t ,  and de l ive r  an a i r  density sensing 
system which uses  the absorpt ion of s o f t  X-rays a s  the  method of 
measurement. 
through the gas t o  be measured. 
reach a de tec tor  without being absorbed by t h e  gas  provides the  
measure of gas dens i ty .  
A highly col l imated beam of X-rays i s  d i r e c t e d  
The quant i ty  of X-rays t h a t  
The bas ic  physics of t he  measurement i s  w e l l  known and 
understood. X-ray equipment of t h e  type used has  been a v a i l a b l e  
f o r  many years  i n  X-ray spectrometers.  The s y s t e m  design stems 
from t h i s  equipment, thus allowing maximum use  of proven hard- 
ware. Each element of the  s y s t e m  has been se l ec t ed  t o  provide 
the bes t  performance f o r  each p a r t i c u l a r  j ob .  The assembly i s  
fabr ica ted  i n t o  a u n i t  shown i n  f i g u r e  1. 
where the  standard hardware conf igura t ion  was no t  capable of 
meeting the  required accuracy, s p e c i a l  techniques w e r e  de- 
veloped. For  example, i n  some reg ions  of opera t ion  the  X-ray 
output f lux  must be s t a b l e  and repea tab le  t o  wi th in  *0.3%. 





FIGURE 1 - Photograph of S o f t  X-ray Absorption Mode 
Gas Density Measuring Sys tem 
3 
I +. 
m e e t  t h i s  s t r i n g e n t  requirement, a spec ia l  output f l u x  s t a b i l -  
i z i n g  system was designed. 
Extensive performance t e s t i n g  of the  s y s t e m  has  been com- 
p l e t e d ,  
important parameters experimentally v e r i f i e d .  
analyses  and tes ts  ind ica t e  t h a t  t he  s y s t e m  i s  capable of pro- 
viding a gas densi ty  measurement over a 1OO:l densi ty  range and 
a 6 1  cm t o  2 .5  cm path length with a measurement accuracy wi th in  
k5.0 percent of reading. 
A d e t a i l e d  e r r o r  a n a l y s i s  has  been performed and t h e  
Resul t s  of these  
The interconnect ion and con t ro l  l o g i c  of the  s y s t e m  was 
designed to  minimize acc iden ta l  damage by providing overload 
pro tec t ion  and f a i l  s a fe  turn-on sequencing. 
The s i g n i f i c a n t  cont r ibu t ion  of t h i s  work i s  the  v e r i f i -  
ca t ion  of b a s i c  accuracy considerat ions,  t he  successfu l  modifi-  
c a t i o n  of standard X-ray tubes t o  provide the  necessary outputs,  
and t h e  development of co l l imat ion  techniques which provide the  
required beam widths. 
The work reported i n  t h i s  document includes a l i s t i n g  of 
the  ove ra l l  s y s t e m  requirements, d i scuss ions  of the  theory of 
operation, a descr ip t ion  of the  hardware design, a t h e o r e t i c a l  
a n a l y s i s  of the s y s t e m  performance, an experimental evaluat ion 
of s y s t e m  performance, i n s t r u c t i o n s  f o r  s y s t e m  operat ion,  a 
discussion of sa fe ty  cons idera t ions ,  conclusions,  recommenda- 
t i ons ,  and app l i ca t ions .  
4 
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SYMBOLS AND UNITS 
The In t e rna t iona l  Sys tems of Units  w i l l  be used throughout 
t h i s  repor t .  
The symbols used i n  t h i s  r epor t  a r e  l i s t e d  below. 
D Dose ra te  rad/hour 
E X-ray energy keV 
G 
' I  
'b 
I d  
I i  













Open loop t r a n s f e r  function 
X-ray i n t e n s i t y  
Background pulse  r a t e  
Detected pulse  r a t e  
X-ray i n t e n s i t y  a t  t h e  anode 
I n i t i a l  X-ray i n t e n s i t y  
True pulse  r a t e  
X-ray power 
X-ray tube p la te  current  
gain 
Transfer  c h a r a c t e r i s t i c  of f i lament  
power supply 
Transfer  c h a r a c t e r i s t i c  of X-ray tube 
Transfer  c h a r a c t e r i s t i c  of feedback 
r e s i s t o r  
Gain of preamplif ier  
Gain of discr iminator  
Gain of proport ional  counter 
H z  
Hz 
H z  
Hz 
Hz 
H z  
wat t s  
m i  1 liampe re s 
v o l t s / v o l t  
mil l iamperes/vol t  
vol ts /mil l iampere 






























SYMBOLS AND UNITS - Continued 
2 
2 
Measured pressure  gm/c.m 
A i r  pressure gdcm 
P a r t i a l  p ressure  of water vapor gm/cmZ 
Gas constant 
Gas constant fo r  a i r  
Feedback capac i tor  leakage r e s i s t a n c e  ohms 
Feedback r e s i s t ance  ohms 
Input r e s i s t a n c e  
Gas constant f o r  water vapor 
ohms 
Ratio of f r a c t i o n a l  gain change t o  f r a c t i o n a l  count r a t e  
change 
Laplace operator 
Gas temperature O K  
Discriminator base level s e t t i n g  v o l t s  
Proportional counter e x c i t a t i o n  vo l t age  v o l t s  
Amplifier output vo l tage  v o l t s  
Amplifier o f f s e t  vo l tage  v o l t s  
X-ray tube p l a t e  vo l tage  
Reference vol tage  
Path length 
'Thickness of counter gas 
v o l t s  
v o l t s  
cm 
cm 
Thickness of X-ray tube window cm 
A tomie weight 
Detector e f f i c i ency  
Error  s igna l  volts 
\ 
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Damping r a t i o  
Mass absorption coe f f i c i en t  of a i r  
Mass absorpt ion coe f f i c i en t  of counter 
gas 
Mass ao s u ~ p  ------&: LLW -- - -nFf i  LLbL-LI n i  on+ - of x-ray 
tube window 
Mass absorpt ion coe f f i c i en t  of water 
Gas densi ty  
A i r  den s i  t y  
Cal ibrat ion densi  t y  
Density of counter gas 
Water vapor densi ty  
Density of X-ray tube window 
Detector resolving time 
T i m e  constant  of i n t eg ra to r  
T i m e  constant  of X-ray tube 
Natural  frequency 
SYSTEM REQUIREMENTS 





radians/  second 
and f ab r i ca t e  a s o f t  
X-ray absorption-mode gas d e n s i t y  measuring s y s t e m  cons is t ing  of 
a highly col l imated X-ray source, an X-ray de tec tor ,  and 
assoc ia ted  e l ec t ron ic  equipment. The s y s t e m  must provide an 
output  which i s  a measure of the average gas  densi ty  over the  
pa th  t raversed by the  X-ray beam i n  a i r .  The d e t a i l  sys t em 
7 
L 
requirements a r e  l i s t e d  below. 
1. 
2 .  
3 .  
4 .  
5 ,  
6 .  
7 .  
t o  
Density Range - 0 ,01  atmosphere t~ 1 .0  atnosphere 
X-ray Beam Path Langth - Variable from 2 . 5  cm to  61 cm 
X-ray Beam Diameter - Maximum beam diameter of 0.635 cm 
Accuracy - Error  less  than *5.0% of densi ty  
Response - Averaging t i m e  of one second 
Safety - The X-ray source must be shielded i n  a l l  
d i r ec t ions  save t h a t  of t he  beam to  such an ex ten t  t h a t  no 
hazard w i l l  occur t o  operat ing personnel i n  the  immediate 
v i c i n i t y  of the  source from spurious r ad ia t ion  a 
End Use of Device - The device i s  f o r  use i n  labora tory  
f a c i l i t i e s  f o r  the  measurement of gas densi ty  i n  and about 
hjpersonic  ramjet experimental engines.  
THEORY OF OPERATION 
This sec t ion  presents  the t h e o r e t i c a l  background pe r t a in ing  
X-ray generation, absorption, and de tec t ion  and how i t  
app l i e s  t o  the  problem of a i r  dens i ty  measurement. 
i l l u s t r a t e s  the bas ic  s y s t e m  elements. X-rays a r e  generated by 
the X-ray tube source. These X-rays a r e  col l imated i n t o  a 
narrow beam which i s  d i r e c t e d  through the  a i r  volume where 
density i s  t o  be measured. I n  t r a v e r s i n g  t h e  a i r  volume, a 
por t ion  of t h e  X-rays i s  absorbed. 
ured by the X-ray de tec to r  and compared with c a l i b r a t i o n  data ,  
thus providing the  measure of dens i ty  e 
Figure 2 
The remaining f l u x  i s  meas- 
8 
I .  
r 
I 
X-  RAY BEAM -I 
BEING MEASURED 




X-RAY TUBE SOURCE J 
FIGURE 2 - System Elements and Geometry 
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Absorption Process 
A s  the  X-ray beam t r ave r ses  the  gas, a por t ion  of the X-rays 
i n t e r a c t s  with the  gas.  
sorpt ion o r  s c a t t e r i n g  f o r  s o f t  X-rays i n  t h e  1 t o  5 keV energy 
range, A s  an X-ray i s  absorbed, i t s  energy i s  transformed i n t o  
energy of o ther  t y p e s .  
photo-electrons o r  r e c o i l  e lec t rons ,  and p a r t  i n t o  p o t e n t i a l  
energy of t he  exc i ted  atoms remaining. The moving photo- 
e l ec t rons  and r e c o i l  e l ec t rons  d i s s i p a t e  t h e i r  energy i n  t h e  gas 
The i n t e r a c t i o n  i s  e i t h e r  one of ab- 
1 
P a r t  goes i n t o  k i n e t i c  energy of e j ec t ed  
by formation of ions ,  The exc i ted  s t a t e s  of the  remaining atoms 
a r e  i n  general shor t - l ived ,  and a s  they r e tu rn  t o  a normal s t a t e ,  
r ad ia t ion  i s  emitted which i s  absorbed i n  the  parent  atom o r  i n  
ad jacent  atomsg with the  e j e c t i o n  of e l ec t rons  and subsequent 
l o s s  of energy i n  the  formation of ions .  
s ca t t e r ed  from the beam, i t  i s  eventual ly  absorbed wi th  i t s  
When an X-ray i s  
energy appearing a s  the  energy of e l ec t ron  motion and subsequent 
ion  formation. 
I n  t h e  absorption process  t h e  f r a c t i o n  3 I' of t he  i n t e n s i t y ,  
I, of the  beam of X-rays absorbed a s  they pass  through a t h i n  
l aye r  of  mat ter  i s  propor t iona l  t o  t h e  dens i ty  of the mater ia l ,  
p J  and the thickness, dx, of t h i s  l a y e r .  Then 
where 1 i s  the f ac to r  of p ropor t iona l i t y  c a l l e d  the  mass ab- 
sorpt ion c o e f f i c i e n t -  I n t e g r a t i n g  t h i s  expression through a 
dis tance,  x, gives t h e  expression 
10 
8 
where Io i s  the  i n i t i a l  beam in-ens i ty .  
Knowing the  i n i t i a l  i n t ens i ty ,  Io, mass absorpt ion coef- 
f i c i e n t ,  p, and pa th  length,  x, t he  detected i n t e n s i t y ,  I, gives 
the  measure of density,  p, as  shown by 
T I 
0 I n  - 1 p = -  UX I (3) 
The m a s s  absorption c o e f f i c i e n t  of a i r  i s  a s t rong function 
of t h e  X-ray energy a s  i l l u s t r a t e d  i n  f igu re  3 .  The X-ray energy 
i s  se l ec t ed  t o  provide the  proper mass absorpt ion coe f f i c i en t ,  
p, f o r  a p a r t i c u l a r  dis tance,  x, t o  ob ta in  the  des i r ed  sca l e  
f a c t o r .  
2 The s c a t t e r i n g  c o e f f i c i e n t  f o r  s o f t  X-rays  i s  0.19 cm / g m  
( R e f .  1). This i s  a small port ion of the mass absorpt ion coef- 
2 2 f i c i e n t  which ranges from 3,850 c m  /gm t o  37 c m  /gm over the  
1 t o  5 keV X-ray energy range ( R e f ,  f i g u r e  3 ) .  Sca t t e r ing  and dose 
buildup e f f e c t s  due t o  secondary s c a t t e r i n g  a r e  thus neglected.  
A por t ion  of t h e  atoms which a r e  i n  an exc i t ed  s ta te  a s  a 
r e s u l t  of an X-ray i n t e r a c t i o n  regain t h e i r  normal s t a t e  by a 
process  i n  which energy i s  l i b e r a t e d  i n  the  form of fluorescence 
X-ray. 
t h e  atomic s t r u c t u r e  of t h e  gas. The fluorescence energies  re- 
s u l t i n g  from e l e c t r o n s  e j ec t ed  from the  K s h e l l  of oxygen and 
n i t rogen  a r e  0.532 keV and 0.400 keV, respec t ive ly .  The r a t i o  
The energy of t h e  fluorescence X-ray i s  determined by 
of fluorescence X-rays generated t o  e l ec t rons  e j e c t e d  i s  c a l l e d  
the f luorescence y i e l d  and i s  a function of t h e  atomic number. 
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X- RAY ENERGY k e V  
FIGURE 3 - Mass Absorption Coeff ic ien t  of A i r  vs. X-ray Energy 
1 2  (Computed from Cons t i tuent  Data, Reference 2) 
. 
I , 
y i e l d  i s  very low, less than 0.01. Since each fluorescence X-ray 
may leave the atom i n  any direct ion,  the  por t ion  t h a t  remains i n  
the  X-ray i s  small. These two f ac to r s  i n d i c a t e  the  f luorescence 
process  cont r ibu tes  negl igibly t o  the  detected count r a t e .  
I 
I 
From the above considerat ions the  absorpt ion process i s  
The seen to be pure ly  exponential  f o r  a given X-ray energy. 
r e s u l t i n g  c a l i b r a t i o n  curve i s  detected X-ray i n t e n s i t y  versus  
densi ty  f o r  a given energy and path length i s  i l l u s t r a t e d  i n  I 
f igu re  4 .  I 
X-ray Source 
The source of X - r a y s  for the s y s t e m  i s  a conventional X-ray 
tube operat ing a t  1,000 t o  5,000 v o l t  p l a t e  vol tage and 0 .2  t o  
I 
10 milliamperes p l a t e  current .  
X-ray tube i s  accomplished by acce lera t ing  e l ec t rons  through the  
p l a t e  p o t e n t i a l  toward a tungsten t a r g e t .  
h i t  the  t a r g e t  they a r e  decelerated rapidly with the  r e s u l t a n t  
generat ion of bremsstrahlung rad ia t ion .  A t y p i c a l  bremsstrah- I 
lung X-ray o r  continuous X-ray spectrum i s  i l l u s t r a t e d  i n  f i g u r e  
5, curve 1. The upper energy l i m i t  i s  es tab l i shed  by the accel-  
e r a t i n g  p o t e n t i a l .  
t he  r e s u l t  of absorpt ion of the  s o f t e r  X-ray component i n  the  
The generat ion of X-rays i n  an 
As these e l ec t rons  
I 
I 
The decrease i n  i n t e n s i t y  a t  l o w  energy i s  
tungsten t a r g e t .  
The continuous X-ray spectrum i s  modified as the  r ad ia t ion  
passes  out  of the  tube envelope through a t h i n  beryllium window. 
This  window absorbs a port ion of the X-ray f lux .  
energy X-rays a r e  absorbed t o  a l a r g e r  ex ten t  than the  higher  
The lower 
1 3  
N 
I: 















energy which modifies the  spectrum, as shown i n  fig1 r e  5, c rve 
2.  This p r e f e r e n t i a l  absorption r e s u l t s  i n  a f a i r l y  narrow out- 
pu t  spectrum whose energy i s  s l i g h t l y  below the  p l a t e  vo l tage  of 
the X-ray tube. 
A second important X-ray generat ion mechanism r e s u l t s  i n  an 
X-ray l i n e ,  c h a r a c t e r i s t i c  of tne X-ray t a r g e t  ma te r i a l .  I n  
t h i s  mechanism e l ec t rons  a r e  e j ec t ed  from the  inner  port ion of 
atoms of the  t a r g e t  mater ia l  by the e l ec t ron  beam. When an 
e l ec t ron  r e tu rns  t o  the vacated pos i t ion ,  f luorescence X-rays 
a r e  emitted.  
known a s  the K, L, and M c h a r a c t e r i s t i c  rad ia t ions .  The K l i n e  
i s  most pronounced and the  L and M l i n e s  less intense,  respec- 
t i v e l y .  For a tungsten target ,  these c h a r a c t e r i s t i c  l i n e s  f a l l  
a t  approximately 69 ,5  keV, 1 2 . 1  keV, and 2.8 keV. The p l a t e  
vo l tage  of 1 t o  5 keV i s  not  high enough t o  e x c i t e  the  K and L 
l i n e s  and the  i n t e n s i t y  of the M l i n e  i s  neg l ig ib l e  compared t o  
the  continuous spectrum. 
l i n e s  a t  approximately 9.0 keV, 1.1 keV, and 0.14 keV. A f ixed  
l i n e  a t  1.1 keV has been noted i n  the X-ray tube tes ted,  ind i -  
ca t ing  the  presence of a copper contaminant i n  the  tungsten 
t a r g e t  e 
The fluorescence X-rays have d i s c r e t e  energies  
A copper t a r g e t  has  c h a r a c t e r i s t i c  
The power of the  continuous X-radiation i s  r e l a t e d  t o  the  
p l a t e  current ,  p l a t e  voltage,  and atomic number of the  t a r g e t  
m a t e r i a l  a s  i n  the  following expression 
2 
P P  
i ZV -12 Iw = 1.4 x 10 ( 4 )  
15 
ENERGY keV 
FIGURE 5 - X-ray Spectrum 
where 
Iw = output  power i n  wat t s  
I = p l a t e  current  i n  mill iamperes 
Z = atomic number of t a r g e t  ma te r i a l s  
= cathode t o  p l a t e  vol tage i n  v o l t s  
P 
vP 
This  shows d i r e c t  p ropor t iona l i ty  of power t o  cur ren t  and t o  the  
square of vol tage.  
funct ion of the a t tenuat ion  i n  the beryll ium window. The a t -  
tenuat ion of the 0,0125 cm thick beryll ium window a s  a funct ion 
of X-ray energy i s  i l l u s t r a t e d  i n  f igu re  6 .  
output  s e n s i t i v i t y  t o  X-ray energy a t  t he  lower energies ,  in -  
d i c a t i n g  the  need of  a highly s t a b l e  p l a t e  vol tage t o  maintain 
a s t a b l e  output  flux. 
The X-ray output power i s  a l s o  a s t rong 
This shows a s t rong 
Collimator 
The X-ray output must be  col l imated i n t o  a beam whose 
diameter does not exceed 0.635 cm over a 61 c m  path length.  
Since the  X-ray tube t a r g e t  spot i s  of f i n i t e  dimensions, t he  
X-ray tube cannot be considered a poin t  source. 
d i t i o n  el iminates  the  p o s s i b i l i t y  of using a s ing le  p in  hole  
type col l imator .  Referr ing t o  f igu re  7a, i t  i s  seen t h a t  a co l -  
l imator  i s  required w i t h  a diameter t o  length r a t i o  of 1:200. 
For  the col l imator  t o  be reasonable length,  5 cm o r  l e s s ,  the  


















FIGURE 6 - X-ray Attenuation of a 0.0125 cm thick 
Beryllium Window 
meeting t h i s  c o n s t r a i n t  was designed us ing  a bundle of p a r a l l e l  
hypodermic tubes. Each tube has a length  of 5 cm o r  less and 
an i n s i d e  diameter of t h e  required 0.025 cm. The tube bundle i s  
0,635 cm i n  diameter. The r e s u l t a n t  i n t e n s i t y  p r o f i l e  ca l cu la t ed  
by summing t h e  t h e o r e t i c a l  p r o f i l e  of each tube i s  shown i n  
f igire 7b. At the 61 cm distanceJ  80 percent  of t he  f l u x  f a l l s  
wi th in  a 0.635 cm diameter c i r c l e .  
For the  sho r t e r  path lengths, t h e  co l l imat ion  requirement i s  
not  a s  s t r i n g e n t  and so shorter  length co l l imators  a r e  used. For  
example, a 0.635 cm long col l imator  w i th  0.025 cm I D  tubes pro- 
v i d e s  a beam width of 0.635 cm a t  a d i s tance  of 6.5 cm. The 
co l l imator  lengths  se l ec t ed  f o r  t he  var ious  measurement d i s t ance  
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Detection 
A proport ional  counter de tec tor  was chosen over o the r  types, 
such a s  s o l i d  s t a t e  and s c i n t i l l a t o r / p h o t o  tube detectors ,  because 
i t  e x h i b i t s  t h e  lowest no ise  and h ighes t  r e so lu t ion  i n  the  1-5 keV 
energy range. The proport ional  counter chosen i s  3.34 cm diameter 
by 11.45 cm long. 
The window mate r i a l  i s  0.00038 c m  t h i c k  mylar. As the  X-rays 
The counting gas  i s  90% argon and 10% methane. 
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FIGURE 7b - Collimator Characteristics 
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en te r  the proport ional  counter, they i n t e r a c t  with t h e  gas 
forming ions., 
chamber acce le ra t e s  these ions t o  energy s u f f i c i e n t  t o  ion ize  
f u r t h e r  the  gas molecules by c o l l i s i o n .  
the g rea t e r  w i l l  be the energy of the  secondary ions formed, and 
the  g rea t e r  t he  t o t a l  ionizat ion produced. A "gas amplif icat ion 
factor"  i s  thus introduced which increases  with vol tage.  The 
proport ional  counter i s  operated a t  a voltage such t h a t  the  t o t a l  
ion iza t ion  formed i s  proport ional  t o  the energy l o s t  t o  the gas 
by the  X-ray p a r t i c l e ,  
c r e a t i n g  a vol tage pulse  whose amplitude i s  proport ional  t o  the  
X-ray energy. 
A voltage po ten t i a l  appl ied across  the counting 
The higher the  po ten t i a l ,  
The e lec t rons  are co l l ec t ed  a t  the  anode, 
The rise t i m e  of the  vol tage pulse  i s  rapid s ince the  e lec-  
t r o n s  a r e  quickly drawn t o  t h e  anode. 
slower, represent ing the  time required f o r  the  heavier  p o s i t i v e  
ions  t o  reach the  cathode. The r i s e  t i m e s  a r e  t yp ica l ly  0.5 
CI second and decay t i m e s  5.0 1 seconds. 
The decay t i m e  i s  much 
The ef f ic iency  of the counter tube i s  a funct ion of the  
energy of the  X-ray. 
a b i l i t y  of passing through t h e  counter  gas with no i n t e r a c t i o n  
and thus the  e f f ic iency  i s  low. Very low energy X-rays  have a 
high probabi l i ty  of being absorbed i n  the  counter tube window and 
thus  the e f f ic iency  i s  l o w ,  Figure 8 shows the percent  
e f f i c i ency  versus  X-ray energy f o r  the  counter tube showing a 
peak ef f ic iency  a t  3.5 keV of 93%. The break i n  the curve a t  
3 . 2  keV i s  a t  the  K edge of the argon gas,  
Very high energy X-rays have a high prob- 
2 1  
- 
- 





I I I I 
i 
22 
The range of counting r a t e s  required of the  counter i s  200 
Hz t o  80,000 Hz. 
by the  long output  pulse  decay. 
l u t ion ,  the counter  output i s  fed  immediately t o  a d i f f e r e n t i -  
a t i o n  c i r c u i t .  
p o r t i o n a l  tc the counter output but whose width i s  less than 
11 second. The i n a b i l i t y  t o  resolve pulses  less than 1 p second 
The resolut ion t i m e  of the  counter i s  hampered 
To improve the  counter reso- 
This provides a pulse  whose amplitude i s  s t i l l p r o -  
a p a r t  causes count l o s s e s  a t  the  high count r a t e s  due t o  the 
random nature  of the counting events.  
a r e  r e l a t e d  t o  the  input  f lux  by 
The ac tua l  counting r a t e s  
L 
where It i s  the t r u e . r a t e  of a r r i v a l  of events,  I d  i s  the meas- 
ured r a t e  of a r r i v a l  of events, and T i s  the  reso lu t ion  t i m e .  
A t  extremely high counting r a t e s  t he re  i s  a p o s i t i v e  ion 
sheath buildup around the  anode due t o  the  r e l a t i v e l y  slow 
t r anspor t  time f o r  the pos i t i ve  ions t o  reach the cathode. This 
p o s i t i v e  ion sheath changes the po ten t i a l  g rad ien ts  near the 
anode which r e s u l t s  i n  a reduction i n  gas amplif icat ion.  The 
output  pulse  heights  thus decrease a s  the counting rates reach 
h igh  values .  
A t yp ica l  pu lse  height  spectrum obtained with the  propor- 
t i o n a l  counter i s  shown i n  f igure  9. 
a t  5 .9  keV from an Fe-55 radioisotope source. The proport ional  
The gamma rays counted a r e  
counter  i s  seen t o  have a p u l s e  height  reso lu t ion  capabi l i ty  of 
about 30% a t  5.9 keV (spectrum width a t  ha l f  amplitude).  An 
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. 
X-ray spectrum i s  shown i n  f igure  10, measured a t  t h ree  counting 
r a t e s ,  A s h i f t  i n  counter gain i s  evident .  
gain v a r i a t i o n  i s  minimized by counting a l l  pulses  above a given 
threshold vol tage l eve l .  
r e j e c t  noise  and low enough such t h a t  s h i f t s  i n  gain do not  
significantly a f f e c t  the t o t a l  count r a t e .  The background 
l e v e l s  with such a s e t t i n g  are  v e r y  low, typ ica l ly  less than 
2 pu lses  per  second. 
The e f f e c t  of t h i s  
This l e v e l  i s  s e t  high enough t o  
The counter gain i s  a function of t he  high vol tage appl ied 
Using the  s ing le  low l e v e l  pu lse  height  from anode to  cathode. 
discr iminator  minimizes e f f e c t  of gain v a r i a t i o n s  due t o  high 
vol tage  va r i a t ions .  
HARDWARE DESCRIPTION 
This sec t ion  descr ibes  the hardware configurat ion of the  
gas densi ty  measurement system. 
the  s y s t e m  elements shown i n  the  block diagram of f igu re  11 a r e  
given and the  var ious modes of s y s t e m  operat ion are discussed. 
The pe r t inen t  spec i f i ca t ions  fo r  
General Descr ipt ion 
The h e a r t  of the system shown i n  f igu re  11 i s  a conventional 
X-ray tube modified f o r  low voltage operat ion with a 0.0125 cm 
th i ck  beryll ium window. 
by a 0-10 kV highly regulated power supply. 
suppl ied by a regulated power supply. 
cu r ren t  passes  through a 100 ohm r e s i s t o r  and the  vol tage thus 
developed i s  compared t o  a reference vol tage by the  p l a t e  current  
The X-ray tube p l a t e  vol tage i s  suppl ied 
Filament current  i s  
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FIGURE 11 - System Block Diagram 
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s t a b i l i z e r .  The output of the  p l a t e  cu r ren t  s t a b i l i z e r  i s  fed  
t o  the programming terminal of t he  fi1amer;t p m e r  supply and i s  
used t o  co r rec t  v a r i a t i o n s  i n  anode cu r ren t  by ad jus t ing  f i lament  
temperature. The reference vol tage  i s  supplied by a p rec i s ion  
reference vol tage supply. 
The de tec t ion  port ion of t he  s y s t e m  i s  comprised of elements 
of an X-ray Spectrometer. The X-ray de tec to r  i s  a proport ional  
counter tube f i l l e d  with a 90% argon 10% methane gas . .  
po r t iona l  counter i s  driven by a high vol tage  power supply 
nominally s e t  f o r  1650 v o l t s .  
counter tube i s  amplified by the  preampl i f ie r .  This amplif ied 
s igna l  i s  then f u r t h e r  amplified and operated on by a pulse  
height  discr iminator .  
na tor  dr ives  a pulse  counter, which i n  t u r n  d r ives  a d i g i t a l  
recorder.  
The pro- 
The output of the  propor t iona l  
The output of the  pulse  he ight  d i scr imi-  
The cont ro l  panel s e l e c t s  t he  var ious  bas i c  modes of sys tem 
This panel operat ion by means of a f i v e  p o s i t i o n  r o t a r y  switch. 
a l s o  provides mounting f o r  t he  X-ray tube p l a t e  cu r ren t  s t a b i -  
l i z e r  and automatic reset and overload sensing c i r c u i t r y .  The 
l i n e  vol tage s t a b i l i z e r  provides s t a b i l i z e d  power t o  the  sys tem.  
Component Parameters and Functions 
Important component parameters and func t ions  a r e  descr ibed 
i n  t h i s  sect ion.  
X-ray Tube. - The X-ray tube has  the  following c h a r a c t e r i s t i c s :  
Minimum p l a t e  vol tage :  1 kV 
Maximum p l a t e  vol tage :  20 kV 
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Maximum fi lament  cur ren t  2.05 amperes 
Maximum continuous p l a t e  cu r ren t :  10 mA 
Minimum window diameter: 0.625 cm 
Maximum window thickness:  0.0125 cm 
Filament l i f e  a t  maximum ra t ings :  1000 hours 
The anode i s  cooled by forced a i r  t o  allow continuous oper- 
a t i o n  a t  maximum ra t ings .  
X-ray Tube P l a t e  Voltage Supply. - The p l a t e  vo l tage  supply has 
the  following important c h a r a c t e r i s t i c s  : 
Output vo l tage :  
Output cu r ren t :  
Line regula t ion :  
Load regula t ion :  
S t a b i l i t y  : 
Cal ibra t ion  accuracy: 
Rese tab i l i t y  : 
Temperature coe f f i c i en t  
of output:  
0 t o  Q10,OOO Vdc 
0 t o  15 mill iamperes 
0.001% o r  2 mV (whichever i s  
g rea t e r )  f o r  10% l i n e  change 
from nominal 
0.001% o r  5 mV (whichever i s  
g rea t e r )  f o r  f u l l  load change 
*0.005% per  hour; &0.02% per  
day a f t e r  warmup 
*0.25% o r  250 mV (whichever 
i s  g rea t e r )  
*0.05% o r  50 mV (whichever 
i s  g rea t e r )  
L e s s  than 20 p a r t s  per  mi l l i on  
Per "C from + l O ° C  t o  +40"C 
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Overload pro tec t ion :  HV turned o f f  i f  p l a t e  cur ren t  
exceeds 1 3  mA 
Filament Power  Supply. - The fi lament power supply has the  f o l -  
lowing important c h a r a c t e r i s t i c s :  
Output vo l tage :  0-36 Vdc 
Output cur ren t :  0-5 amperes 
Remote Voltage Program Capabi l i ty  
P l a t e  Current S t a b i l i z e r .  - The p l a t e  cu r ren t  s t a b i l i z e r  i s  an 
in t eg ra t ing  opera t iona l  ampl i f ie r  which suppl ies  the  program 
vol tage  t o  the  fi lament power supply. The opera t iona l  ampl i f ie r  
has i t s  own power supply. This s t a b i l i z e r  has  t h e  following 
imp0 r t  an t cha rac  ter  i s t i c  s : 
Feedback r e s i s t o r  temperature s e n s i t i v i t y :  250 ppm per  "C 
Input  r e s i s t o r  temperature s e n s i t i v i t y :  250 ppm per  O C  
Feedback capac i to r  leakage r e s i s t ance :  >lo00 megohms 
Amplifier o f f s e t  vo l tage  d r i f t :  50 pV per  day 
Amplifier o f f s e t  temperature s e n s i t i v i t y :  0.6 mV per  10°C 
P l a t e  Current Reference Supply. - The p l a t e  c u r r e n t  reference 
supply has  the  following important c h a r a c t e r i s t i c s :  
Output vol tage:  0-20 Vdc 
Output cu r ren t :  0-500 mill iamperes 
Line regulat ion:  100 pV f o r  10% l i n e  v a r i a t i o n  
Load regulat ion:  100 pV f o r  100% change i n  r a t ed  load 
S t a b i l i t y :  L e s s  than 0.001% p l u s  100 PV d r i f t  
per  e i g h t  hours 
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Temperature Coeff ic ient :  0.005% or  30 pV, whichever i s  
grea te r ,  per  degree cent igrade 
R e  so lu t ion  : 10 pv 
Proport ional  Counter Tube. - The proport ional  counter  tube has  
the  following important c h a r a c t e r i s t i c s :  
Dimen sion s : 3.34 cm diameter, 11.45 c m  long 




Argon 90%, Methane lo%, continu- 
ously flowing with pressure 
s l i g h t l y  above atmospheric 
2.5 cm 
Mylar, 0.00038 cm thick,  1.43 cm 
wide, 2 .22  cm high 
Counter Tube Power Supply. - The counter tube power supply pro- 
v ides  vol tage t o  the  counter tube p lus  several  vo l tages  used i n  
the  de tec t ion  sys t em.  
important c h a r a c t e r i s t i c s  : 
The power  supply has  the  following 
High vol tage output:  500-3000 Vdc (System operates  a t  
1650 Vdc) (Pot  s e t t i n g  0.730) 
HV r e p e a t a b i l i t y  0.03% 
HV l i n e  regulat ion:  0.005% f o r  1% v a r i a t i o n  of input  
vo l tage  
HV d r i f t :  +0.03% f o r  f i r s t  1 / 2  hour of 
operat ion 
HV temperature s t a b i l i t y :  -0.035% f o r  an increase  of 10°C 
from a nominal operat ing temperature 
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Low vol tage outputs:  +250 Vdc a t  200 mA 
6.3 Vac a t  3 amperes 
-105 Vdc a t  10 mA 
Preamplif ier .  - The preamplif ier  has  the  following important 
c h a r a c t e r i s t i c s :  
Gain a 1 . 0  
Gain s t a b i l i t y :  f0.5% fo r  a l i n e  vol tage  v a r i a t i o n  
of *l% input  t o  the  power supply 
Temperature s e n s i t i v i t y :  0.1% f o r  5°C temperature v a r i a t i o n  
Pulse  H e i g h t  Discriminator,  - The pulse  he igh t  d i scr imina tor  am- 
p l i f i e s  the pulses  from the  preampl i f ie r  and then r e j e c t s  a l l  
pu lses  below the base level s e t t i n g .  This component has  the  
following important c h a r a c t e r i s t i c s  when set  up 
s o f t  X-ray gas densi ty  measurement system, 
Amplifier gain va r i ab le :  20 t o  500 
(Systemcoarsegain switch s e t t i n g :  
(System f i n e  gain potentiometer s e t t i n g :  
Input  pu lse  he ight :  0-16 m i l l i v o l t s  
Pulse  he ight  s e l e c t o r  
amplitude range: 1-0-100 v o l t s  
Amplifier gain s t a b i l i t y :  fO.3% f o r  a l i n e  
t o  operate  i n  the  
16) 
0.875) 
vol tage  
v a r i a t i o n  of fl% i npu t  t o  the  
power supply 
Amplifier gain temper- 
a t u r e  s e n s i t i v i t y :  0.1% f o r  5°C temperature 
v a r i a t i o n  
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. 
Amplifier gain d r i f t :  0.1% f o r  any 8-hour per iod 
Pulse reso lu t ion  0.25 microsecond 
Base l i n e  adjustment range: 0-100 v o l t s  
(Sys tem basel ine potentiometer s e t t i n g :  0.010) 
Base l i n e  s t a b i l i t y :  k0 e 1 v o l t  f o r  *l% v a r i a t i o n  
Uf LiiPiit 1 4 - m ----I &--e LLLIC V U L L Q E j S  
Base l i n e  temperature 
s e n s i t i v i t y :  0 . 3  v o l t  f o r  a 5°C increase 
Base l i n e  d r i f t :  
i n  temperature 
+ 0 . 3  v o l t  f o r  f i r s t  1 / 2  hour 
operat ion;  f 0 . 2  v o l t  f o r  any 
8-hour per iod a f t e r  warmup 
Pulse  Counter. - The pulse  counter has the  following important 
c h a r a c t e r i s t i c s  : 
Frequency range : 0 t o  >2 mz 
Total  pulse  count: 0-999,000 pulses  
Accuracy : 
Time base accuracy : k2 p a r t s  i n  10 
Time gate:  10 seconds t o  10 seconds 
kl count * t i m e  base accuracy 
6 
(System set fo r  1 second) 
Trigger l eve l :  -100 t o  +lo0 v o l t s ,  ad jus t -  
able  (System set f o r  +1.5 
vo l t s  dc) 
D i g i t a l  Recorder. - The d i g i t a l  recorder has the  following i m -  
po r t an t  c h a r a c t e r i s t i c s :  
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Accuracy :: 
Pr in t ing  rate: 5 l i n e s  per  secmd,  maxix~.m 
Column capaci ty:  6 columns 
Same a s  pulse  counter 
Control Panel,  - The cont ro l  panel provides switching and over- 
load c i r c u i t r y  f o r  operat ing t h e  X-ray tube,  A c i r c u i t  diagram 
of the  cont ro l  panel i s  shown i n  f i g u r e  1 2 .  The modes of oper- 
a t i o n  a s  se lec ted  by the  pos i t i on  of the  ro t a ry  switch a re :  
1. 
2.  
3 ,  
4 ,  
Normal 
I n  t h i s  pos i t i on  the fi lament power supply i s  connected 
f o r  manual con t ro l  of t he  f i lament  vo l tage  and c u r r e n t ,  
Zero Offset  
This pos i t ion  provides t h e  operator  wi th  a means of ac- 
cura te ly  s e t t i n g  the ampl i f ie r  o f f s e t  vo l tage  t o  zero.  
Offset  vo l tage  should be checked frequently and ad jus ted  
t o  within *0.005 v o l t ,  a s  t h e  r e p e a t a b i l i t y  of the  
sys t em i s  a f f e c t e d  by d r i f t s  i n  t h i s  parameter. 
Off 
This pos i t ion  removes f i lament  vo l tage  and d i sab le s  the  
s y s t e m  
Filament Warmup 
This pos i t ion  provides a minimum of 30 seconds f o r  t h e  
X-ray tube f i laments  t o  warm up a t  a reduced f i lament  
cur ren t  before  the  p l a t e  vo l t age  supply i s  enabled. 
Af te r  t h i s  warmup period, t h e  p l a t e  vo l t age  supply 







This fi lament warmup pos i t i on  forces  the  operator  t o  
tu rn  the  p l a t e  vo l tage  supply standby/operate switch t o  
STANDBY and w a i t  f o r  approximately 30 seconds u n t i l  t he  
standby l i g h t  t u rns  on. 
switches t o  another mode of operat ion o r  does not  
place the standby/operate switch i n  standby, t he  p l a t e  
vol tage supply w i l l  no t  be enabled. 
5.  Operate 
I f  f o r  any reason t h e  use r  
The operate pos i t i on  allows normal servo ac t ion  t o  take 
place which con t ro l s  t h e  X-ray tube p l a t e  cu r ren t  a t  
t h a t  value determined by the  reference vol tage  s e t t i n g .  
The normal range of p l a t e  cu r ren t  i s  zero t o  approxi- 
mately 10 mA. 
I f  an acc iden ta l  overload occurs, t he  overcurrent  pro- 
t ec t ion  c i r c u i t  t u r n s  the  p l a t e  vo l t age  supply o f f  and 
t h i s  event i s  sensed by the  reset c i r c u i t r y  on the  con- 
t r o l  panel. The r e s e t  c i r c u i t r y  removes vol tage  from 
the  X- ray  tube f i laments  and r equ i r e s  t h e  opera tor  t o  
re turn t o  p o s i t i o n  4 and t o  p lace  the  standby/operate 
switch i n  the  standby pos i t i on .  
required a f t e r  t h i s  sequence of opera t ions  f o r  the p l a t e  
vol tage supply t o  recover.  
turned on, t h e  p l a t e  vo l tage  may again be  turned on and 
the operation mode switch may be re turned  t o  p o s i t i o n  5 .  
I f  operation above 2 . 5  kv p l a t e  vo l t age  i s  desired,  i t  i s  
Th i r ty  seconds w i l l  be  
Af t e r  t he  standby lamp has 
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necessary t o  switch from standby t o  operate  with the  p l a t e  
vol tage set a t  below 2,O kV t o  prevent a t r a n s i e n t  overload con- 
d i t i o n .  Then while the mode switch i s  s t i l l  i n  pos i t i on  4 and 
the  high vol tage on, the high vol tage may be switched from t h i s  
nominal value up t o  the desired value.  
I f  this procedure i s  not followed, the vol tage t r a n s i e n t  
r e s u l t i n g  from the  high vol tage tum-on w i l l  a c tua t e  the  reset 
c i r c u i t r y  and once more disable  the  system. 
The s y s t e m  loop gain v a r i e s  i n  a non-l inear  manner a s  a 
funct ion of p l a t e  cur ren t .  I t  was therefore  found necessary t o  
provide two t i m e  constants  for  the  s y s t e m  feedback ampl i f ie r ;  
one t i m e  constant  i s  f o r  operat ion of the  s y s t e m  a t  p l a t e  cur ren t  
below 5 mA and the  o the r  i s  fo r  operat ion above 5 mA. 
constant  switch i s  turned t o  the proper pos i t ion  p r i o r  t o  each 
operat ion.  
overload, thus ac tua t ing  the  r e s e t  c i r c u i t r y ,  d i sab l ing  the  
s y s t e m ,  
The t i m e  
An improper time constant  may cause the  s y s t e m  t o  
A m e t e r  i nd ica t ing  the  approximate value of the  p l a t e  cur-  
r e n t  i s  mounted on the  control  panel a s  a v i s u a l  check of sys tem 
operat ion.  
The f i lament  vol tage overload c i r c u i t  senses the  program 
vol tage  input  t o  the  fi lament power supply. 
excessive (equivalent  t o  f i lament cur ren t  of g rea t e r  than 2.05 
amperes), the  reset c i r c u i t r y  removes p l a t e  vol tage and f i lament  
vo l tage  from the  X-ray tube and requi res  the  operator  t o  re turn  
t o  pos i t i on  4 .  
I f  t h i s  vol tage i s  
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Line Voltage S t a b i l i z e r .  - The l i n e  vol tage s t a b i l i z e r  has the  
following important c h a r a c t e r i s t i c s :  
Line vol tage regulat ion:  0.2% f o r  l i n e  vol tage  var -  
i a t i o n  from 95 t o  130 Vac 
Line frequency v a r i a t i o n :  0.4% voltage regula t ion  f o r  
frequency s h i f t  of 57 t o  63 
Hz 
Load regulat ion:  0.1% f o r  0 t o  100% ra t ed  load 
Temperature c o e f f i c i e n t :  0,1% per "C 
Component Assembly 
The components described above a r e  assembled i n  a 19-inch 
relay rack a s  shown i n  f i gu re  13. The X-ray tube, blower, and 
col l imator  a r e  mounted a t  t h e  t e s t  chamber shown i n  f i g u r e  14, 
The proport ional  counter, gas  supply, and preampl i f ie r  a r e  a l s o  
mounted t o  t h e  t e s t  chamber. 
from the  relay rack to  the  t e s t  chamber, 
gram and power interconnect  diagram a r e  shown i n  Figure 15.  
Power and s igna l  cab le s  a r e  supplied 
The system wir ing d ia -  
SYSTEM ANALYSIS 
The basic  parameters of t he  densi ty  measurement s y s t e m  a r e  
r e l a t e d  by 
where Id i s  the  output pu lse  r a t e ;  p, p ,  and x a r e  t h e  mass 
absorpt ion coe f f i c i en t ,  densi ty ,  and pa th  length  of t he  gas  being 
measured; Io i s  the equivalent  pu lse  r a t e  a t  zero  dens i ty ;  and 
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FIGURE 15a - System Wiring Diagram 
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FIGURE 15b - Power Interconnect Wiring Diagram 
I b  i s  the  background pulse  r a t e .  
t h a t  the  r e l a t i o n  between Id and p a r e  prec ise ly  known f o r  the 
se lec ted  values  of Io, p, and x. 
dependent upon how w e l l  the  ca l ib ra t ion  data  repea ts .  There are 
numerous factors:'which a f f e c t  the  sys tem c a l i b r a t i o n .  These 
f a c t n r s  wF11 be examined individual ly  t o  determine the  ove ra l l  
sy s tern accuracy e 
The system i s  c a l i b r a t e d  such 
The accuracy of the  s y s t e m  i s  
Factors  Affect ing 
Errors  i n  the  mass absorption coe f f i c i en t ,  p, cause e r r o r s  
i n  the  densi ty  meqsurement a s  
The f a c t o r s  a f f ec t ing  p a r e  the  X-ray energy and gas  com- 
pos i t i on .  
X-ray Energy. - The mass absorpt ion coe f f i c i en t  of a i r  i s  r e l a t ed  
t o  t he  X-ray energy by the expression 
(8) 
-2.88 p = 3800 E 
obtained by examination of f igure  3 .  Error  i n  energy thus 
a f f e c t s  p a s  
AE = -2.88 E 
CI (9) 
Since the  X-ray energy i s  d i r e c t l y  proport ional  t o  the  X-ray 





Combining equat ions ( 7 )  and (10) gives  
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AV 
- = 2.88 2 (11) 
P vP 
Cas Composition. - The composition of a i r  being measured i s  as -  
sumed t o  n o t  vary.  
Fac tors  Affect ing Io 
Errors  i n  the i n i t i a l  X-ray f lux,  Io, cause e r r o r s  i n  t he  
densi ty  measurement a s  
The major f a c t o r s  a f f e c t i n g  the  i n i t i a l  X-ray f l u x  de tec ted  a r e  
the  X-ray tube p l a t e  vol tage,  the  X-ray tube p l a t e  cur ren t ,  and 
the  de tec tor  response. 
X-ray Tube P l a t e  Voltage. - Thy X-ray tube p l a t e  vo l tage  a f f e c t s  
the output f lux  by t w o  mechanisms. 
e r a t i o n  and  the  second i s  X-ray absorpt ion i n  the tube window. 
From equation ( 4 )  t h e  X-ray output i n t e n s i t y ,  Io, i s  seen 
The f i r s t  i s  t he  X-ray gen- 
t o  be d i r e c t l y  propor t iona l  t o  vol tage  V Thus, v a r i a t i o n s  i n  
vo l tage  a f f e c t  densi ty  a s  
P 
The absorption of the  X-ray f l u x  i n  the  t h i n  beryl l ium 
window i s  a funct ion of the  X-ray energy o r  tube vol tage .  
r e l a t i o n  i s  given a s  
This 
Io = Ii e -PwPwXw 
and 
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1, = 620 E-2o88 (from data  Ref. 2) (15) 
where Ii i s  the i n i t i a l  f lux,  kw, and xw a r e  the mass ab- 
sorpt ion coe f f i c i en t ,  density,  and thickness  of the  beryll ium 
window. From equations (12) (14), and (15) the  vol tage e f f e c t  
on densi ty  i s  found t o  be 
p,, 
X-ray Tube P l a t e  Current.  - Referring t o  equation ( 4 ) ,  the  X-ray 
tube output f l u x  i s  seen t o  b e  d i r e c t l y  proport ional  t o  p l a t e  
current ,  i From equations ( 4 )  and ( 7 )  the  p l a t e  cur ren t  
P' 
a f f e c t s  the densi ty  measurement by 
A i  
P PPX i 
n p = 1 2  
P 
The p l a t e  cur ren t  i s  s t a b i l i z e d  by the  s t a b i l i z a t i o n  loop 
i l l u s t r a t e d  i n  f igu re  16. Er rors  i n  p l a t e  current  a r e  
caused by v a r i a t i o n s  i n  reference vol tage,  Vr, input  r e s i s t o r  
value,  Ri, feedback r e s i s t o r  value,  Rf,  i n t eg ra to r  capaci tor  
leakage res i s tance ,  Rcl, and in t eg ra  t o r  amplif ier  off  set 
vol tage,  Vo. 
by the  following equat ions.  The reference vol tage,  input  re- 
These e r r o r  sources a r e  r e l a t e d  t o  p l a t e  cur ren t  
s i s t o r s ,  and feedback r e s i s t o r s  a f f e c t  the  p l a t e  cur ren t  
d i r e c t l y .  
A i  Avr ARi ARf 
P I - - - - -  
i P 'r Ri Rf 
The i n t e g r a t o r  capaci tor  leakage r e s i s t ance  causes an e r r o r  
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, -  
I 
1 -  
voltage,  Vf ,  and input  r e s i s t o r  value,  Ri, and leakage r e s i s t ance  
value,  R n , -  The e r r o r  due t o  v a r i a t i o n s  i n  the value of leakage 
L L  
r e s i s t ance  i s  
The in t eg ra t ion  
e r r o r  dependent upon 
5=-- Ri 'f 
1 P R c l  'r 
amplif ier  o f f s e t  voltage,  V , causes an 
the reference vol tage,  
0 
'r. 
A i  V 
E = O  
'r 1 P 
The combined e f f e c t  on densi ty  i s  
J L 
Detection. - The s e n s i t i v i t y  of the  de tec tor  sys tem i s  r e l a t e d  
t o  the  gain and ef f ic iency  of t he  proport ional  counter, the  gain 
of the  preamplif ier ,  and the  s t a b i l i t y  of the  pulse  height  d i s -  
cr iminator  l o w  l e v e l  s e t t i ng .  
The e f f ic iency ,  e ,  of the proport ional  counter i s  r e l a t e d  
t o  the  counter gas densi ty ,  p,, a s  
e = l - e  -b pcxc 
where pc and xc a r e  the mass absorpt ion c o e f f i c i e n t  and path 
length  of counter  gas.  
of counter  gas densi ty  i s  
Variat ion i n  e f f ic iency  a s  a funct ion 
A pc - =  A €  ~ C P C X C  
e ~ c p c x c - l  pc 
-
e 
The counter gas  densi ty  i s  d i r e c t l y  proport ional  t o  pressure and 
equal  t o  atmospheric pressure,  Pa. Thus v a r i a t i o n s  i n  
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atmospheric pressure cause v a r i a t i o n s  i n  
u 0 x ma 
'a v c x c  
- !A€ C ' C  c -= 
-1 e 
e f f i c i ency  as :  
(24 )  
The v a r i a t i o n  of de tec ted  count r a t e  with gain and level 
s e t t i n g  depends s t rongly on the  detected X-ray spectrum. Figure 
1 7  shows typ ica l  spec t ra  i n  the  v i c i n i t y  of t he  base level set-  
t i n g  normalized t o  t h e  same t o t a l  count r a t e ,  
na tor  base l e v e l  i s  set  a t  V b a  
count r a t e  i s  A I d / A V b o  
t ec t ed  count r a t e  i s  thus 
Id0 
A t  t h i s  po in t  t he  d i f f e r e n t i a l  
The d iscr imi-  
The e f f e c t  of gain v a r i a t i o n s  on de- 
'Id r ' d )  'b AK T =  5 I d  K 
The value(%\ i s  about the  same f o r  a l l  spec t r a ,  L e t  t h i s  Avb/ I 
value be S. Then 
Gain v a r i a t i o n s  a r e  caused by counter tube high vo l t age  v a r i -  
a t ion ,  AVc, preamplif ier  gain v a r i a t i o n ,  AK,, and d iscr imina tor  
gain va r i a t ion ,  O K b o  
t o  t he  vol tage v a r i a t i o n  a s  
The counter  tube gain v a r i a t i o n  i s  r e l a t e d  
AvC 
KC vC 
13.2 -A KC - =  
The preamplif ier  and d iscr imina tor  gains ,  v a r i a t i o n s ,  AKa and 
AKb, have the same e f f e c t  a s  counter tube gain v a r i a t i o n s .  
Variat ions i n  the l o w  level  d iscr imina tor  s e t t i n g  cause 
48 
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FIGURE 1 7  - D i f f e r e n t i a l  X-ray Spectrum 
i n  Region of Base Level 
49 I 
var i a t ions  i n  count r a t e  a s  
on the  density measurement are 
- 
( 2 9 )  
AV A Ka A Kb + s -+ s -+ S 1 3 . 2  2 - s -  
Ka Kb vC 'b 
Variat ions i n  gain wi th  count r a t e  and pulse  coincidence 
losswi th  count r a t e  do not  Cause s y s t e m  e r r o r  s ince  they a r e  
p a r t  of t h e  c a l i b r a t i o n .  
The random na tu re  of X-ray generation causes the  number of 
pu lses  counted during a given per iod  t o  f l u c t u a t e  i n  a random 
fashion about an average value.  
i n t e r v a l  can y i e l d  only an es t imate  of t he  t r u e  average counting 
r a t e .  
a t i o n  i s  about equal t o  f 6. 
the  value of n i s  equal t o  t h e  counting r a t e  Id' 
Counting f o r  a one-second 
I f  t h e  number of counts, n, i s  la rge ,  t he  standard devi- 
For a one-second counting period, 
The f r a c t i o n a l  
e r r o r  i n  count r a t e  i s  then 
- = * -  "d f i  
I d  I d  
The e f f e c t  on densi ty  i s  then 
1 - = * - -  A P  
P pPx I d  
Cal ibrat ion.  - S y s t e m  c a l i b r a t i o n  i s  performed i n  a vacuum 
chamber with ca re fu l ly  con t ro l l ed  and measured densi ty  For 
every path length,  with the  exception of 2 . 5  cm, t h e  p l a t e  
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voltage and cur ren t  are determined t o  give a c a l i b r a t i o n  curve 
which has a pulse  r a t e  of 200 Hz a t  1 atmosphere and 80,000 Hz a t  
0.01 atmosphere. For the  2.5 cm path length,  the  p l a t e  cur ren t  
and vol tage a r e  determined t o  give a 100 Hz pulse  r a t e  a t  1 .0  
atmosphere and 40,000 Hz pulse rate a t  0.01 atmosphere. 
Thirty-second counting per iods a r e  used t o  improve the 
counting s t a t i s t i c s  fo r  the ca l ib ra t ion .  The c a l i b r a t i o n  un- 
ce r t a in ty  due t o  counting s t a t i s t i c s  i s  thus 
m d  - = *  ' Id (32) 
I d  T 
Relat ing t o  densi ty  gives  
The c a l i b r a t i o n  data  i s  p l o t t e d  on log-log paper t o  suf-  
f i c i e n t  s i z e  such t h a t  reading e r r o r  i s  less than *l% of densi ty .  I 
- =  O P  * 0.01 
P ( 34)  
The densi ty  of the  a i r  i n  the  c a l i b r a t i o n  chamber i s  com- 
puted from pressure and temperature measurements. 
measurement i s  made t o  an accuracy of b e t t e r  than *0.35% of 
reading and the  temperature measurement t o  b e t t e r  than *0.17% 
The pressure 
of reading. The densi ty  i s  computed from the  equation 
p = -  P 
RT (35) 
where p i s  the  densi ty ,  P i s  the measured pressure,  T i s  the  
measured temperature, and R i s  the  gas constant .  Errors  i n  
pressure  and temperature measurement a f f e c t  densi ty  a s  
, 
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T h e  water content of the  a i r  being measured w i l l  cause a 
s l i g h t  e r r o r  i n  the  computation of densi ty  due t o  the  d i f f e rence  
i n  gas constants ,  
The measured pressure P i s  the  sum of the  p a r t i a l  p ressures  
of water vapor Pw and a i r  Pa '  
P = Pw + Pa ( 3 7 )  
The density of the  gas p i s  the  sum of t he  densi ty  of the water 
vapor p and a i r  p 
W a 
P = Pw + Pa 
The computation of  densi ty  of each component i s  
- 'a - -  
pa R~ T 
The density of t h e  mixture i s  then 
W 'a p = - + -  
Q T  R T 
P 
a 
The density used i n  t h e  c a l i b r a t i o n ,  pc ,  assumed no moisture 
content  
- P 
'c Ra T 
- -  
The r e l a t i v e  e r r o r  i n  densi ty  i s  thus 
( 3 9 )  
( 4 0 )  
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For a t yp ica l  condition of 40% r e l a t i v e  humidity, a temper- 
a t u r e  of 25"C, and a pressure of one atmosphere, t he  r a t i o  I 
0.62. The e r r o r  a -  
R 
- =  pw 0.0125. The r a t i o  of gas constant  - - 
'a RW 
i n  densi ty  i s  thus 
- -  A'  - 0.0125 ( 1  - .62) = 0.0048 
P 
(44) 
An addi t iona l  e r r o r  i s  introduced due t o  the  d i f f e r e n t  mass I 
absorpt ion coe f f i c i en t  of w a t e r  vapor than a i r .  The f r a c t i o n a l  I 
e r r o r  i n  densi ty  due t o  t h i s  e f f e c t  i s  given by 
For the  case with 40% r e l a t i v e  humidity, the  r a t i o  of d e n s i t i e s  I 
I 
i s  - = 0.0125 and the  r a t i o  of m a s s  absorpt ion c o e f f i c i e n t s  i s  pW 
'a 
- -  cIw - 1.04 the  e r r o r  i s  
pa 
- -  " - 0.0125 (1.04 - 1) = +0.0005. (46) 
P 
Inaccuracies  i n  s e t t i n g  up the  path length during c a l i -  
b r a t i o n  causes densi ty  e r r o r s  given by 
Background. - The background pulse  r a t e  I b  i s  less than 2 pulses  
per  second. The f r a c t i o n a l  e r r o r  i n  densi ty  caused, assuming no 
background correct ion,  i s  given by 
T 
Error  Summary. - The individual  e r r o r s  a r e  l i s t e d  i n  t ab le  I .  
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TABLE 1. - ERROR S W R Y  - 
X-ray tube p l a t s  vo l tage  
effect .  on 0 
X-rw tube p l a t e  vo l tage  c f -  
f c c t s  .on f lux  generation 
X-ray tube p l a t e  voltmge ef -  
f e c t s  on v l n d w  absorptlon 
Reference vol tage  e f fec t .  on 
X-ray N b t  p l a t e  current 
I n  t r e s l i t o r  a f f e c t s  on 
K r a y  tub. p l a t e  c u r r e n t  
Teedbmck r e s l a t o r  a f f e c t s  on 
X-ray tuba p l a t e  c u r r e n t  
I n t e  r a t i o n  capacitor lmakag. 
a f f e c t s  on X-ray tube plat. 
cur ren t  
l n t e  ration r p l l f 1 . r  offmat 
voftage e f f e c t s  on x-ray 
tub. plat. cur ran t  
P c e r p l l f l a r  y l n  mffaetm on 
D l a c r h i n a t o r  gain a f f e c t s  on 
d. t . c t ion  
rmt.Ct1on 
Macrhin . tor  1-1 s e t t i n g  
Ran& plme r a t a  mff.cts on 
.ff*ct. on det.ct1m 
d e t e c t i o n  
Randm p l a c  r a t e  effects on 
calibration 
C a l i b r a t i o n  char t  rmading 
~ r r o r  effmct on denmity 
?rammure m e m a u r a m t  mtfmet 
on c a l i b r a t i o n  
r-peratura 8.aNTmB.Dt a f -  
b i d l t y  a f f e c t s  on ca l i -  
i l u i d l t y  e f f e c t a  on call- 
F m t h  length e f f e c t s  on c a l l -  
Background *ffectm on dens i ty  
f a c t  on c a l l b r a t i o n  
bra t ion  prenaur. 
b r a t l m  a b w r p t i o n  
bra t ion  
61 cm Path L 
M.057. 
m.1257. 
-1 M . w a  
Y O 1  
UDX 
+hRl 1 0 - 9 h -  
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27.m nr 200 H. 
TARLE J .  - ERROR S W L R Y  
2 . 5  cm Pnth I .msth 
I 
F . l " B ,  
Error Source NO. 
X-ray tuhe p l a t e  volts,qe ( 1 1 )  
X-ray tube p l a t e  voltage rf-  (13)  
X-ray tube p l a t e  vo l tage  ef- (16 )  
Reference vol tage  e f f e c t .  on (21) 
I n  t rcs imtor  e f fec t .  m (21)  
reedbark r e s l e t o r  e f f c c t a  on (21)  
ln te  r a t i o n  capac i tor  leakage (21) 
e f f e c t s  on " 
f e c t s  on f l u x  genera t ion  
fee t .  on r i n d a ,  absorp t ion  
X-ray tube p l a t e  c u r r e n t  
rr.~ tube p h t e  c u r r e n t  
x-ray tub4 p l a t e  cur ren t  
e f f e c t s  on X-ray tube p l a t e  
c u r r e n t  
I n t c  r a t i o n  m p l i f i c r  o f f s e t  (21) 
"oftage e f fec t .  m X-my 
tube p l a t e  c u r r e n t  
on c a m t e r  tube e f f i c i e n c y  
c m n t e r  tube  gain 
detec t ion  
d e t e c t i o n  
c f  f e c t  s on' d e t e c t l m  
d e t e c t i o n  
Atmospheric pressure  e f fec t .  ( 2 9 )  
C m n t e r  tube e f f e c t .  on (29) 
e r c m p l i f t e r  1.1" e f f e c t .  a, (29) 
Dimcriminator gal" e f f e c t a  on ( 2 9 )  
O i e c r h i n a t o r  l e v e l  s e t t i n 8  (29) 
Rand- pulac  r a t e  e f f e c t s  on (31) I 
Randm p u l s e  r a t e  e f f e c t a  m 
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The random e r r o r s  a r e  l i s t e d  a s  f values .  The systematic e r r o r s  
have a s ingle  s ign  e i t h e r  + o r  - o  
e r r o r s  are  summed a s  the  square root  of t he  sum of the  square and 
the  cor re la ted  random e r r o r s  a r e  summed a lgeb ra i ca l ly .  The 
The uncorrelated random 
e r r o r s  a re  computed a t  the d is tances  of 2.5 c m  and 6 1  cm, and 
a t  t h ree  dens i t i e s ,  1 atmosphere, 0 . 1  atmosphere, and 0 .01  
atmosphere, These t o t a l  e r r o r s  a r e  summarized i n  t a b l e  I .  These 
e r r o r s  a re  p l o t t e d  a s  a funct ion of densi ty  i n  f igu re  18. The 
one sigma error i s  less  than Q5,0% i n  a l l  cases .  
SYSTEM PERFORMANCE 
This sec t ion  d iscusses  the  r e s u l t s  of s y s t e m  t e s t i n g  show- 
ing  c a l i b r a t i o n  measurements, s t a b i l i t y  measurements, and repea t -  
a b i l i t y  measurements. 
important r e s u l t s  analyzed, 
The t e s t  methods a r e  described and 
Cal ibra t ion  
The system c a l i b r a t i o n  was done us ing  t h e  c a l i b r a t i o n  
chamber i l l u s t r a t e d  i n  f i g u r e  1 9 ,  
chamber i s  con t ro l l ed  using a vacuum pump and bleed valves .  
c u r a t e  measurement of pressure  i s  obtained wi th  the  manometer 
and temperature with t h e  thermometer. The separat ion d i s t ance  
of t h e  source and de tec to r  i s  ad jus ted  ex te rna l  t o  the  chamber, 
using the  l e a d  screw and ca r r i age .  
the  car r iage  i s  assured by use of a t u rn  counter geared t o  t h e  
lead  screw which reads out separa t ion  d i s t ance  t o  the  nea res t  
0.025 cm and can be i n t e r p o l a t e d  t o  0.005 cm.  The counter gas 
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The dens i ty  of the a i r  i n  t he  
Ac- 
Repeatable pos i t i on ing  of 
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FIGURE 1 9  - System C a l i b r a t i o n  Setup 
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, -  
and high vol tage reach the detector  v i a  tubing and cabling, 
feeding through the  end p la te .  
p o s i t e  end p l a t e  used t o  cool the X-ray tube. The col l imator  i s  
mounted a t  the  X-ray tube window t o  an alignment p l a t e  such t h a t  
adjustment of the beam alignment can be made. An access  p o r t  i s  
prcvided i~l +,his end p l a t e .  
A blower i s  mounted t o  the  op- 
The f i r s t  s tep  i n  system c a l i b r a t i o n  i s  t o  check the  equip- 
ment s e t t i n g s  a s  def ined i n  the  operat ing in s t ruc t ions .  The 
s y s t e m  i s  turned on and the  col l imator  a l igned.  
graph i s  taken ve r i fy ing  the locat ion of t h e  X-ray beam. 
required dis tance i s  set up and, using a t r i a l  and e r r o r  method, 
the  p l a t e  cur ren t  and p l a t e  vol tage a r e  determined t o  provide a 
200 Hz count r a t e  ( l e s s  background) a t  a pressure  of 7 1  cm Hg and 
an 80,000 Hz count r a t e  a t  a pressure of 0.71 cm of Hg (100 Hz 
and 40,000 Hz f o r  2 .5  c m  path length) .  
noted. With t h i s  p l a t e  current  and vol tage establ ished,  the  c a l -  
i b r a t i o n  data  of count r a t e  versus  pressure i s  taken, not ing the  
chamber temperature a t  each poin t .  The densi ty  i s  computed from 
the  pressure and temperature measurements and count r a t e  versus  
densi ty  p lo t ted .  A t yp ica l  c a l i b r a t i o n  curve i s  shown i n  f igu re  
20. The data  i s  presented a s  a log-log p l o t  t o  give equal read- 
ing  reso lu t ion  i n  percent  of reading over the  e n t i r e  measurement 
range. Table I1 gives the  vol tage and cur ren t  s e t t i n g s  fo r  each 
separat ion d is tance .  
An X-ray photo- 
The 
The chamber temperature i s  
The c a l i b r a t i o n  curves a t  d is tances  of 2.5 cm and 61 cm a r e  
shown i n  f igu re  21, p lo t ted  on semi-log paper .  Notice the 
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DENSITY m g /  cm3 
FIGURE 20 - Typical Ca l ib ra t ion  Curves 
60 
TABLE 11. - CALIBRATION SETTINGS 
Pa th  Length 
X-ray Tube 
t o  Detector  
( inches)  
1 .0  
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FIGURE 2 1  - Cal ib ra t ion  Curves 
Showing Exponential Absorption 
deviat ion from a pure exponential  absorpt ion curve a t  61 c m  and 
the  nearly p e r f e c t  curve a t  the 2.5 cm dis tance.  
reason f o r  the  l a rge  difference i n  shape of the  two c a l i b r a t i o n  
curves i s  a pecu l i a r  dual spectrum from the  X-ray tube. Figure 
22 i l l u s t r a t e s  t h i s  dual spectrum a t  two values  of densi ty  and 
a 61 cm dis tance.  The upper energy spectrum i s  the  X-ray tube 
continuous spectrum whose energy i s  va r i ab le  depending upon the  
p l a t e  vol tage.  The lower energy spectrum i s  f ixed  a t  about 
1 keV regardless  of p l a t e  vol tage.  This spectrum i s  f e l t  t o  be 
a copper L emission from copper contaminant on the  face  of the  
tungsten t a rge t .  A t  high dens i t ies ,  t h i s  copper L emission i s  
e a s i l y  absorbed and the  ca l ib ra t ion  curve has a s lope cons is ten t  
wi th  the  exponential  absorption c h a r a c t e r i s t i c  of the upper 
energy. A t  low densi ty ,  the copper L emission i n t e n s i t y  i s  l a r g e  
cmpared  t o  the continuous spectrum and the  c a l i b r a t i o n  curve 
has  a much s teeper  s lope cons is ten t  with the exponential  ab- 
sorpt ion c h a r a c t e r i s t i c  of  the lower energy. Thus the  change i n  
s lope with densi ty .  A t  short  path lengths,  the  p l a t e  vol tage re- 
qui red  i s  lower and the  continuous spectrum f a l l s  on top of t he  
copper L emission, giving a s ing le  l i n e  and thus a s ing le  slope 
t o  the  c a l i b r a t i o n  curve. Curves f o r  intermediate  dis tances  f a l l  
between the two extremes of f i gu re  21. System accuracy improves 
wi th  a steepening of the ca l ib ra t ion  slope. 
The primary 
A measure of t h e  detector  response w a s  taken t o  ver i fy  the 
coincidence loss estimate. Figure 23  shows the  r e s u l t  of a p l o t  
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. 
l i n e a r  showing a counting lo s s  of only 5% a t  a count r a t e  of 
80,000 Hz. 
S t a b i l i t y  
S t a b i l i t y  measurements were taken t o  show the  sho r t  and long 
term d r i f t s  of t he  s y s t e m .  
s t a b i l i t y  run, including s y s t e m  warm-up. Each data  poin t  i s  a 
10-second average. The s t a t i s t i c a l  spread i s  normal. The s y s t e m  
d r i f t  i s  not no t iceable  wi th in  the f 0.11% one sigma da ta  spread. 
Figure 24 shows a t y p i c a l  2% hour 
Repea tab i l i ty  
Repeatabi l i ty  measurements w e r e  taken of the s y s t e m  by com- 
par ing repeated c a l i b r a t i o n  da ta  a t  several d i s t ances  over a 
period of several  weeks. 
t h e  upper and lower ends of t he  c a l i b r a t i o n .  
are  averages of th ree  10-second counting i n t e r v a l s .  
r e f e r r e d  t o  densi ty  v a r i a t i o n s  and p l o t t e d  a s  a p robab i l i t y  d i s -  
t r i b u t i o n  i n  f igu re  25, showing a *1 0 spread of *5%. 
Count r a t e  measurements w e r e  made a t  
The da ta  p o i n t s  
This da ta  i s  
OPERATING INSTRUCTIONS 
The following sec t ion  b r i e f l y  descr ibes  recommended methods 
of s y s t e m  setup and operat ion.  
S y s t e m  Mounting 
The X-ray tube and propor t iona l  counter  are  mounted on op- 
p o s i t e  s ides  of the  gas t o  be measured. 
and i t s  cabling may be loca ted  i n  the vacuum environment and the  
vacuum seal made a t  t he  preampl i f ie r  back p l a t e .  Applicat ion of 
The propor t iona l  counter 
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s i l i cone  grease t o  the  high voltage connections i s  recommended t o  
prevent vol tage arcing i n  the  vacuum. Gas hoses connect the pro- 
por t iona l  counter chamber t o  the gas regulator  and vent  i t  t o  the  
atmosphere. The hose containing the  c a p i l l a r y  tube sec t ion  i s  
connected between the  gas regulator  and proport ional  counter tube. 
The gas regulator is adjusted t o  approximately - -  3 ps ig  pressure,  
allowing a nominal gas flow through the  counter tube. Before 
operat ion of the  proport ional  counter  tube, the  gas mixture should 
be allowed t o  purge the  tube fo r  a t  l e a s t  30 minutes. For 
g r e a t e s t  s t a b i l i t y ,  the  tube should be purged f o r  approximately 
8 hours.  The gas i s  normally l e f t  flowing continuously, e l i m i -  
na t ing  the  need fo r  purge c y c l e s .  
connected from the  console t o  t he  preamplif ier .  
The main de tec tor  cable  i s  
The X-ray tube i s  mounted t o  an i n t e r f a c e  p l a t e ,  making the 
vacuum s e a l  t o  the  X-ray tube face.  Filament leads a r e  connected 
through the  pro tec t ive  cover. 
nected d i r e c t l y  t o  the  X-ray tube anode with i t s  sh ie ld  grounded 
t o  the  i n t e r f a c e  p l a t e .  The blower i s  mounted t o  the i n t e r f a c e  
p l a t e ,  d i r e c t i n g  cool ing a i r  a t  t he  X-ray tube.  Power f o r  the  
blower i s  supplied from the operat ion console. 
The high vol tage cable  i s  con- 
The path length  i s  defined a s  the  d is tance  from the  f r o n t  
sur face  of t he  X-ray tube face p l a t e  t o  the surface of the  pro- 
po r t iona l  counter  tube window. 
S y s t e m  Se t t ing  Adjustment 
Recommended s e t t i n g s  of the  operat ion console a r e  l i s t e d  i n  
t a b l e  111. After  a check of these se t t i ngs ,  the following 
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TABLE 111 
RECOMMENDED CONTROL CONSOLE SETTINGS 
T i m e  Constant Switch 
Operation Mode Switch 
Range Switch 
Current L i m i t  Potentiometer 
Voltage Adjustment Switch 
Voltage Adjustment Potentiometer 
Current L i m i t e r  Adjust .Potentiometer 
REFERENCE POWER SUPPLY 
FILAMENT POWER SUPPLY 
PLATE VOLTAGE POWER SUPPLY 
Standby/Operate Switch 
Voltage Adjustment Switch 
Po la r i ty  Switch 
COUNTER 
See c a l i b r a t i o n  c h a r t  
Off 
0-10 v o l t s  
Maximum 
See  c a l i b r a t i o n  c h a r t  
0 v o l t  
See operat ion sequence 
i t e m s  4, 5, and 6 
Standby 
1 500 kV 
+ 




Time Base Switch 
Sample Rate Potentiometer 
DIGITAL RECORDER 








Coarse Gain Switch 
Fine Gain Potentiometer 
Function Switch 
A E Pot en t iome t e r  
EU Potentiometer 
EL Potentiometer 
High Voltage Switch 
High Voltage Adjust .  Potentiometer 
PROPORTIONAL -- COUNTER POWER SUPPLY 











operat ion sequence i s  recommended. 
1. 
2, 
3 G  
4 ;  










Set  the  Operation Mode switch i n  the  Off posi t ion.  
Turn a l l  instrument On-Off switches i n  the  On pos i t ion .  
S e t  the  Operation Mode switch t o  Manual pos i t ion .  
Increase the f i lament  power supply Voltage Adjust po ten t i -  
ometer u n t i l  the  fi lament cur ren t  i s  approximately 2.0 
amperes e 
Adjust the  f i lament  power supply Current L i m i t e r  poteni-  
ometer t o  l i m i t  a t  approximately 2 . 0  amperes. 
S e t  the  Operation Mode switch t o  Offset  Adjust pos i t ion .  
Adjust the  Offse t  Adjust cont ro l  (screwdriver adjustment) 
f o r  a vo l tage  output of zero v o l t s  k0.005 v o l t  a t  the  
ampl i f ie r  output t e rmina l s .  
Place the T i m e  Constant switch t o  t h a t  pos i t i on  spec i f ied  
on the c a l i b r a t i o n  s e t t i n g  t a b l e  (Table 11.) f o r  the  pa th  
length se lec ted .  
S e t  the  Reference Voltage Adjust switch t o  t h a t  value 
spec i f ied  on the ca l ib ra t ion  c h a r t  f o r  the path length 
selected.  
Se t  the  P l a t e  Voltage Control switch t o  1 .5  kV and the  
Standby/Operate switch t o  Standby. 
S e t  the Operation Mode switch t o  Filament Warmup pos i t ion .  
When the p l a t e  vol tage power supply lamp turns  on, place 
the Standby/Operate switch t o  Operate. 
Adjust the  P l a t e  Voltage Control switch t o  the  value 
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spec i f ied  on the  c a l i b r a t i o n  c h a r t  
14,  Se t  t h e  Operation Mode switch t o  t h e  Operate p o s i t i o n ,  
15. S e t  the d i g i t a l  recorder Record Switch t o  On. 
16. The System i s  now operat ing i n  i t s  normal mode. 
Collimator Alignment 
The col l imator  i s  chosen f o r  the  p a r t i c u l a r  X-ray pa th  
length  selected,  a s  defined on the  c a l i b r a t i o n  c h a r t .  The c o l l i -  
mator i s  in se r t ed  i n  t he  co l l imator  alignment f i x t u r e  with the  
back end f lush  with the  back face of the  f i x t u r e .  The f i x t u r e  i s  
then i n s t a l l e d  on the  i n t e r f a c e  p l a t e  and alignment adjustment 
made v i a  t h e  ad jus t ing  b o l t s .  
Alignment of the co l l imator  i s  bes t  accomplished by a c t i v a t -  
ing  the X-ray tube and de tec tor  s y s t e m  and measuring the  count 
r a t e  obtained. The X-ray tube i s  then deac t iva ted  and the  c o l l i -  
mator again ad jus ted .  Another count r a t e  i s  taken and compared 
with the  previous count r a t e .  Adjustment and count r a t e  measure- 
ment cycles  a r e  repeated u n t i l  t he  h ighes t  count r a t e  i s  ob- 
ta ined ,  A small shield,  with a 0.635 cm diameter hole ,  centered 
i n  f r o n t  of the  proport ional  counter windowg w i l l  g r ea t ly  f a c i l i -  
. . t a t e  t h i s  alignment. 
With the alignment completed, the  s y s t e m  i s  ready f o r  
dens i ty  measurement 
Overload R e s e t  C y c l e  
If  an acc identa l  overload occurs, t h e  X-ray tube p l a t e  v o l t -  
age power supply w i l l  automatical ly  tu rn  o f f  and t h e  f i lament  
vo l tage  w i l l  be reduced t o  zero.  
7 2  
The following procedure i s  
c 
app l i cab le  i n  t h i s  s i t u a t i o n .  
1, Place the  p l a t e  vo l tage  power supply Standby/Operate Switch 
t o  Standby. 
2 .  Adjust t he  P l a t e  Voltage Control switch t o  1 .5  kV. 
3 .  Place the  Operation Mode switch i n  t h e  Filament Warmup 
pos i t i on  and check f o r  proper s e t t i n g  of t h e  T i m e  Constant 
switch . 
4.  Repeat s t eps  13 t o  16 of previous sec t ion ,  Operation 
Sequence 
SAFETY 
Two safe ty  cons idera t ions  a r e  important i n  the  operat ion of 
the  sys t em.  The f i r s t  involves use of t he  high vol tage  equip- 
ment. Care should be exercised t o  avoid con tac t  wi th  t h e  X-ray 
high vol tage  terminals .  Some physical  p ro t ec t ion  has  been pro- 
vided i n  the  form of a p a r t i a l  housing over t h e  X-ray tube such 
t h a t  with normal c a r e  no hazard e x i s t s .  
The second considerat ion involves X-ray dosage. With the  
X-ray  energ ies  involved, 0-5 keV, the  X-ray tube envelope ab- 
sorbs  a l l  the  f l u x  except fo r  t he  output beam. One mm of g l a s s  
a t t e n u a t e s  5 keV X-rays by a f a c t o r  of 1.62 x For 5 kV, 
10 mA operation, t he  t o t a l  X-ray power generated from equation 4 
i s  
2 
I 
A t  t h e  X-ray tube surface,  2 cm away from the  t a r g e t  and 
= 1.4 x lo-'' x 10 x 74 x ( 5  x l o3 )  = 0.0259 wa t t s  
W 
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a f t e r  a t tenuat ion  by the  g l a s s  envelope, the i n t e n s i t y  i s  found 
t o  be 
2 -29 
9 = 8 . 3 5  x watts/cm 0 . 0 2 5 9  x 1 . 6 2  x 10 
4rr( 2 )  
2 
This i s  equivalent t o  8 . 3 5  x ergs/cm -second. The range 
i n  t i s s u e  a t  which 95% of the  energy i s  absorbed i s  0 . 0 7 1  c m .  
Since 1 rad i s  equal t o  100 ergs/gm of absorbed dose, the  dose 
r a t e  a t  t he  surface of the  X-ray tube envelope i s  
2 1 = 1 . 1 7 5 ~ 1 0  -26  rad /sec  
3 -" e rgs  1 rad- 8 , 3 5  x 10 & = x.071 cm D =  cm - sec 
o r  converting u n i t s ,  
-20 m i l l i r a d  D = 4 . 2 2  x 10 hour 
(The ambient r ad ia t ion  l e v e l  a t  t he  sur face  of the  e a r t h  i s  about 
. I  m i l l i r a d  00008 hour 
A t  the X-ray tube window a 5 keV f l u x  of 100,000 
second i n  a 0 . 6 3 5  inch diameter beam has  an i n t e n s i t y  
pulses  per 
of 
1 e r g  2 x  100,000 pulses  5 keV 4 
sec pulse ( - 6 3 5 ) '  TT cm 6 . 2 5  x l o8  keV 
= 2 . 5 4  + 
cm - sec 
The dose r a t e  a t  t h i s  i n t e n s i t y  
2 - 5 4  x l o e 3  e rgs  1 rad 
cm - sec T m J + $ X  
This i s  a s i g n i f i c a n t  dose 
i s  
p a r t  of the body should be avoided. 
rad 
= 1 . 2 9  
r a t e  and d i r e c t  exposure t o  any 
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CONCLUSIONS, RECOMMENDATIONS, AND APPLICATIONS 
This  program has resu l ted  i n  the  design and f ab r i ca t ion  of 
a Soft  X-ray Absorption-Mode Gas 'Density Measuring System which 
m e e t s  a l l  of the  s t a t e d  requirements. The t h e o r e t i c a l  models 
generated a t  the  incept ion of chis Work "ere ver i f i eds  Second 
order  e f f e c t s ,  such a s  dose buildup and gas fluorescence,were 
found t o  be negl ig ib le .  
of the X-ray tube due t o  target  contamination was found t o  improve 
s y s t e m  accuracy but  a t  the expense of requir ing a separate  Cal i -  
b ra t ion  curve f o r  each X- ray  path length.  
An unexpected dual output c h a r a c t e r i s t i c  
The equipment fabr ica ted  w a s  found to  be highly r e l i a b l e .  
A t  the  t i m e  of t h i s  wri t ing,  the  system has been operat ing fo r  a 
t o t a l  of approximately 400 hours, without a s ing le  f a i l u r e .  
The s y s t e m  i s  su i t ab le  fo r  appl ica t ion  to  laboratory f a c i l -  
i t i e s  where the  X-ray tube source and proport ional  counter  
de tec tor  can be mounted on each s ide  of the gas flow and the  
operat ing r a t e  can be located near the  t e s t  chamber. The knowl- 
edge and experience obtained i n  the  development of t h i s  labora- 
to ry  sys tem provides a sound b a s i s  f o r  development of s imi la r  
gas  densi ty  measurement systems of small s i z e  and weight 
appl icable  t o  measurements i n  unfr iendly environments. 
I t  i s  recommended t h a t  f u r t h e r  study i n  the a reas  of X-ray 
tube t a r g e t  contamination, X-ray tube th in  window fabr ica t ion ,  
and col l imator  design would b e n e f i t  the  program and r e s u l t  i n  
less severe accuracy requirements of associated equipment. This 
75 
. 
would fur ther  improve s y s t e m  accuracy and inc rease  the dynamic 
range of measurement. Methcds of automatic computation can be 
developed t o  provide a d i r e c t  readout of the measured densi ty ,  
e l iminat ing the need f o r  c a l i b r a t i o n  c h a r t s .  
G I A N N I N I  CONTROLS CORPORATION 
DUARTE, CALIFORNIA 
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APPENDIX 
X-RAY TUBE STABILIZATION LOOP ANALYSIS 
The X-ray tube s t a b i l i z a t i o n  loop i s  i l l u s t r a t e d  i n  f igu re  26. 
The p l a t e  current ,  i , i s  accurately cont ro l led  by a prec is ion  v o l t -  
P 
age reference,  Vr .  The p l a t e  cur ren t  passes  through a 100 ohm pre- 
C i S i O i i  res’,stor n f f  of which i s  taken the  feedback vol tage,  Vf5.  
The t r a n s f e r  c h a r a c t e r i s t i c s  of t h i s  feedback r e s i s t o r ,  K3, i s  
K3 = 0.10 volts /mil l iampere 
. .  
This feedback vol tage i s  negat ively summed wi th  the  reference 
vol tage t o  give the e r r o r  signal,  The e r r o r  s ignal  i s  operated 
on by the  t r a n s f e r  funct ion v. 
c h a r a c t e r i s t i c s  are generated by the  operat ional  amplif ier  ne t -  
work shown i n  f igu re  27. 
t o  the  loop, improving dynamic response. 
The summation and t r a n s f e r  
Removal of r e s i s t o r  R2 provides lead  
K i s  the  cont ro l  c h a r a c t e r i s t i c  of t he  fi lament power 1 
supply. The t r a n s f e r  funct ion K1 i s  given by 
K1 = 1.0 v o l t / v o l t  
The t r a n s f e r  funct ion of t he  X-ray tube i s  a s ing le  order  
l a g  and a non-l inear  gain.  
-E= i K2 
T2 s + l  vf 
The l a g  T~ i s  about 2 seconds, caused by the  f i lament  warmup 
c h a r a c t e r i s t i c s .  The r e l a t i o n  between p l a t e  cur ren t  and f i lament  
vo l tage  i s  shown i n  f igu re  28. The gain K2 i s  shown a t  four  
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FIGURE 28 - X-ray Tube Gain C h a r a c t e r i s t i c s  
80 
Examination of f igu re  26 gives  the system open loop t r a n s f e r  
funct ion G of 
K1 K2 K3 T~ s + 1 
G =  T1s T2 s + l  
The loop s t a b i l i t y  i s  examined on the root  locus p l o t  of 
f i g u r e  29 f o r  two values  of i n t eg ra to r  capacitance, giving a high 
response and low response. “ne sys t em respmse at the f m r  p l a t e  
cur ren t s  i s  tabulated below. 
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For p l a t e  cu r ren t  s e t t i n g s  above 5 mA, the low response 
capaci tance values  a r e  used. 
response s e t t i n g  i s  used, providing good response and damping f o r  
a l l  conditions.  
For s e t t i n g s  below 5 mA, the  high 
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